In the bithorax complex of Drosophila melanogaster, the chromatin boundary elements (BE) demarcate cisregulatory domains that regulate Hox genes along the anteroposterior body axis. These elements are closely associated with the Polycomb Response Elements (PREs) and restrict the ectopic activation of cis-regulatory domains during development. The relevance of such specific genomic arrangements of regulatory elements remains unclear. Deletions of individual BE-PRE combination result in distinct homeotic phenotypes. In this study, we show that deletion of two such BE-PRE combinations in cis leads to new genetic interactions, which manifests as dorsal closure defect phenotype in adult abdominal epithelia. We further demonstrate that dorsal closure phenotype results from enhanced and ectopic expression of Hox gene Abd-B in the larval epithelial cells. This suggests a specific role of multiple BE-PRE combinations in the larval epithelial cells for regulation of Abd-B. Using chromosome conformation capture experiments, we show that genetic interactions correlate with direct physical interactions among the BE-PRE combinations. Our results demonstrate the functional relevance of the closely associated BE and PRE combinations in regulation of Hox genes.
Introduction
The anteroposterior (A-P) body axis in bilaterians is determined by a set of homeobox (Hox) containing genes, the Hox genes (Pearson et al., 2005) . In Drosophila melanogaster, eight Hox genes are arranged in two clusters, the Antennapedia complex (ANT-C) and the bithorax complex (BX-C) (McGinnis et al., 1984; Sanchez-Herrero et al., 1985) . The BX-C has three Hox genes Ultrabithorax (Ubx), abdominal-A (abd-A) and Abdominal-B (Abd-B) . The cis-regulatory region of the BX-C regulating these three genes is spread over 300 kbs. Functional studies demonstrate that this large regulatory region can be divided into nine independent cis-regulatory domains (Lewis, 1978; Maeda and Karch, 2006) . These cis-regulatory domains regulate the Hox genes of the BX-C in the third thoracic and all the eight abdominal segments in a collinear manner. In a collinear fashion, their order of occurrence in the genome corresponds with their function along the A-P body axis in embryo (Lewis, 1978; Maeda and Karch, 2006; Sanchez-Herrero et al., 1985) . Each cis-regulatory domain is demarcated by chromatin boundary elements (BEs) and supposed to contain a set of a Polycomb Response Elements (PRE), tissue specific enhancer and initiator element Mihaly et al., 2006) . BE that defines the cis-regulatory domains of Hox genes is found to be closely associated with a PRE, which maintains the cellular memory of Hox gene expression state (Mihaly et al., 1997 (Mihaly et al., , 2006 Schwartz and Pirrotta, 2007) . The three wellcharacterized BE-PRE combinations of BX-C-Mcp, Fab-7 and Fab-8-are located between iab-4 and iab-5, iab-6 and iab-7, iab-7 and iab-8, respectively (Barges et al., 2000; Karch et al., 1994) . iab-4 regulates abd-A in embryonic parasegment (PS) 9 while iab-5 to iab-8 regulate Abd-B in PS10 to PS13, respectively, to define the identity of the abdominal segments A4 to A8 in adult. Since BEs restrict spatial activation of regulatory domains along the A-P body axis, deletion of a BE leads to a posteriorization phenotype due to the ectopic activation of regulatory elements. For example, deletion of the BE from Mcp region causes ectopic activation of the IAB-5 enhancer in A4, resulting in Abd-B expression and an A4 to A5 homeotic transformation (Karch et al., 1985) . Similarly, deletion of the BE from Fab-7 and Fab-8 results in the activation of the IAB-7 and IAB-8 enhancer in A6 and A7 respectively (Barges et al., 2000; Galloni et al., 1993; Gyurkovics et al., 1990; Mihaly et al., 1997) .
Deletion of single PRE from the Fab-7 locus does not cause any visible phenotype (Mihaly et al., 1997 (Mihaly et al., , 2006 , while simultaneous deletion of PRE and BE enhances the homeotic phenotype of only BE deletion. This suggests that the BE-PRE combination is important for Hox gene regulation and may be a reason for their close association in BX-C. The specific distribution of BE-PRE combination across the BX-C suggests that a coordinated interaction among these regulatory elements may be established for Hox gene regulation. The first direct evidence for long-range interactions among regulatory elements of BX-C emerged from the observation that the BE from Fab-7 region interacts with the promoter of the Abd-B gene to keep it in a repressed state . In contrast, Chromosome Conformation Capture (3C) assay in D. melanogaster embryos and cell lines showed that Polycomb mediated long-range interaction between multiple PREs of the BX-C leads to the repression of Hox genes (Lanzuolo et al., 2007) . Later, a transgene-based study suggested that Fab-7 and Fab-8 boundaries, but not PREs, interact with each other and with the Abd-B promoter Li et al., 2011) . Although these studies suggest that long-range interaction involving a variety of cis-regulatory elements does occur in the BX-C, the distinct roles of boundaries and PREs in this process and the functional relevance of their close association in the genome remain to be understood.
Various factors are known to interact with BE and PRE regions of the BX-C. CTCF and GAGA factors interact with the BE while Polycomb group (PcG), trithorax group (trxG) proteins interact with PREs (Beisel and Paro, 2011; Muller and Kassis, 2006; Smith et al., 2009) . We speculated that these chromatin regulatory factors might be involved in the longrange interactions of BE-PRE regions of the BX-C. In this study, we generated combinations of BE and PRE deletion mutants to investigate their potential for regulatory interactions. Deletion of the two BE-PRE combinations, one each from Mcp and Fab-7, leads to ectopic expression of Abd-B, in larval epithelial cells, which suppresses abd-A function and causes dorsal closure defect phenotype. This phenotype is not seen in only boundary or only PRE deletions of Mcp and Fab-7 regions. These observations suggest that boundary-PRE combinations of BX-C cooperate to regulate Hox genes. Using genetic approach, we also show that Polycomb Repressive Complex 1 (PRC1) is a critical component of this regulatory process. These findings reveal the importance of the BE-PRE combination, a regulatory cassette that is repeated multiple times in the BX-C.
Materials and methods

Fly stocks and culture
Flies were cultured in standard cornmeal yeast extract medium at 25°C. The following stocks were used for this study: CantonS (CS) wild type strain, UAS-Abd-BRNAi (from Vienna Drosophila RNAi Stock Centre), Mcp ] has iab-5 to iab-8 region of BX-C translocated to Y chromosome (Hopmann et al., 1995; Karch et al., 1990; Tiong et al., 1987; Zhou and Levine, 1999) 
with a break point iab-6 region of BX-C (Karch et al., 1985) .
Making recombinants
Various mutations present on the same chromosome were brought together by means of homologous recombination. First, flies of the two mutant genotypes were crossed reciprocally and virgin female progenies having both the mutants/markers were collected and further crossed to double balancer males. Recombinants were distinguished from non-recombinants in the next generation on the basis of balancer chromosomes and the presence of both mutations/markers. 
Imaging of fly abdomen and quantification of DDA phenotype
For imaging of abdominal region, flies of interest were collected and frozen at − 20°C. Frozen flies were stored if not used immediately. Wings and legs were removed for proper abdomen positioning and visualization. During acquisition of images, light was directed from one side to avoid glittering of the cuticle. The DDA phenotype in the tergite was quantified by calculating the presence of non-pigmented area versus total pigmented plus non-pigmented area using imageJ software. We used data of at least 15 flies of each genotype to average the difference between the flies.
Chromosome conformation capture (3C)
We followed protocol described earlier for the 3C experiments (Lanzuolo et al., 2007) . Briefly, 1-3 g of 2-16 h old embryos collected from wild type and Mcp B116 Fab-7 1 mutant stocks were dechorionated and fixed as per the standard protocol. Fixation was stopped by washing twice in wash buffer (PBS containing 0.1% Triton X-100 and 0.125 M glycine). Fixed embryos were incubated in 1 ml of 4°C cold cell lysis buffer (10 mM Tris pH 8.0, 10 mM NaCl, 0.2% NP40 and protease inhibitors) for 15 min. Cells were lysed using a Dounce homogenizer and debris/unlysed cells were removed by passing the slurry through miracloth. Filtrates were first centrifuged at 600 g to remove debris then at 3000 g (4000 rpm) to isolate nuclei. Nuclei were then washed and resuspended in 362 μl of restriction enzyme buffer 2.1 from New England Biolabs. Nuclei were sequentially treated with 0.1% SDS for 45 min at 37°C and then 1% triton X-100 for 45 min at 37°C with 1000 rpm on thermomixer (eppendorf) followed by overnight digestion of DNA in intact nuclei by 500 units of Xho1 at 37°C and 1000 rpm mixing. The reaction was stopped and nuclei were lysed by the addition of 2% SDS and incubation at 65°C for 30 min. At this step, one tenth of the mix was saved for checking the efficiency of the digestion. The rest of the sample was diluted into 8 ml ligation reaction buffer (1% Triton X-100 and 1XNEB buffer), and ligations were performed by adding 4000 units of T4 DNA ligase and incubating at 16°C for 4 h. Ligation was stopped by adding EDTA to a concentration of 10 mM. Samples were further treated with 500 μg of Proteinase K at 50°C for 5 h and incubated overnight at 65°C with 4 μL 10 mg/mL RNase A at 37°C. Finally, DNA was purified by phenol-chloroform extraction and ethanol precipitation. In parallel, we prepared control DNA templates from bacterial artificial chromosome (BAC) (24 L18). BAC DNA was digested with XhoI, ligated and purified as per the protocol described for 3C DNA.
Quantitative real time (qRT) PCR and data analysis
The efficiency of XhoI digestion was checked by amplifying the genomic region spanning the XhoI sites in BX-C. We found that at least 80% of the target DNA was digested for the selected regions in all the samples. Then, we checked the quality and efficiency of all the primers of 3C with control DNA templates generated from BX-C BAC (24 L18). Primers generating more than one amplicon using control template were not used further with 3C template. 
UAS/Gal4 system for over expression and knockdown
Two Gal4 drivers, Eip71CD-Gal4 and esg-Gal4, were used for over expression and knock down of genes in LECs and HNCs, respectively. In all the UAS and Gal4 genetic crosses, we always used female of the Gal4 line and male of the UAS line. 
Immunostaining of abdominal epithelia of pupae
For immunostaining of abdominal epithelia of pupae, we followed protocols described in . Briefly, newly pupated animals were collected and staged by growing them for the required time in a moist chamber. Pupae were cut longitudinally and horizontally as per the requirement. After cleaning the internal tissue, the abdominal epithelia were fixed and blocked. Blocked epithelia were further incubated with primary antibody for overnight and secondary antibody for 2-3 h. Finally epithelia were washed and mounted in DAPI containing Vectashield mounting media and images were taken using confocal microscopes. We used 15 to 30 halves of the pupae in each experiment and each experiment was repeated at least three times to see the consistency in the immunostaining pattern.
Results
BE-PRE combinations of the BX-C interact genetically
To understand the importance of the specific genomic arrangement of boundaries and PREs in the BX-C, we applied the rationale that if multiple elements interact to regulate Hox genes, then deleting more than one should show more than just the additive effect. For our initial study we chose the Mcp and Fab-7 regions that are spaced~35Kb apart. (Galloni et al., 1993; Gyurkovics et al., 1990; Karch et al., 1994 In DDA phenotype, the dorsal abdominal epithelia (tergites) of A4 and A5 do not develop fully, as a result they fail to fuse at dorsal mid line leading to a non-pigmented and bristle-free region at dorsal midline ( Fig. 2C and F that DDA is a recessive phenotype. Although, similar phenotypes are seen in males and females ( Fig. 2C and F) , the strong abdominal pigmentation of the male makes the phenotype more distinct. Therefore, we have restricted our observations to male flies. . Abd-B S10 is deletion of iab-5 to iab-8 region (Hopmann et al., 1995; Tiong et al., 1987; Zhou and Levine, 1999) while Abd-B camel is an inversion with the breakpoint in iab-6 region of BX-C (Karch et al., 1985) . We observed that these BX-C breakpoint mutants do not complement the , having a deletion of BE-PRE from Mcp (Karch et al., 1994) and Fab-7 region shows the DDA phenotype (Fig. 2I) Two noncoding RNAs (ncRNAs) of the BX-C, mir-iab-4 and mir-iab-8, are produced through bidirectional transcription of an overlapping region and processed to yield two miRNAs (Bender, 2008; Singh and Mishra, 2008; Stark et al., 2008; Tyler et al., 2008 
The Mcp and Fab-7 regions physically interact with each other
Earlier study has shown that Mcp and Fab-7 regions physically interact in long-range (Lanzuolo et al., 2007 mutants. We found that the Mcp region interacts with the Fab-7 and the Abd-B promoter regions in wild type embryos. This is also the case for the Fab-8 region, which interacts with Fab-6 and Abd-B promoter (Fig. 3) . These findings agree with long-range physical interactions shown in an earlier study (Lanzuolo et al., 2007) . As compared to wild type, the deletion of BE-PRE combinations from Mcp and Fab-7 region leads to decreased interaction of Mcp region with Fab-7 and Abd-B promoter region. Interestingly, the interactions between Fab-8 and Fab-6 or Fab-8 and Abd-B promoter remain unchanged in Mcp B116 Fab-7 1 mutant context (Fig. 3 ). These observations imply that genetic interactions between Mcp and Fab-7 are likely to be a consequence of direct physical interactions. The observation that interaction between Fab-6 and Fab-8 is unaffected by deletion of BE-PRE combination from Mcp and Fab-7 region suggests that interaction of these two BE-PRE combinations at the Abd-B promoter is independent of Mcp and Fab-7 region.
Polycomb repressive complex I is required for BE-PRE combination mediated repression
Various factors are known to interact with boundary and PRE regions of the BX-C. Polycomb repressive complexes (PRCs) and RNAi machinery are known to interact with PREs while CTCF, CP190 and Trl GAGA are known to interact with boundary elements (Lei and Corces, 2006; Phillips and Corces, 2009; Schuettengruber et al., 2007) . We tested the effect of mutants of these known interacting factors on the DDA phenotype of Mcp B116 Fab-7
1
. We used the mutants of the core members of PcG and trxG, viz., Pc, Scm and Sce of Polycomb Repressive Complex 1 Fig. 2 . Deletion of BE-PRE combinations from Mcp and Fab-7 regions give dorsal closure defect of abdominal epithelia (DDA) phenotype only in the homozygous condition (C and F: male and female respectively), which is not seen in wild type (A and D: male and female respectively) and heterozygous (B and E: male and female respectively). The DDA phenotype is seen in A4 and 5 of male (C) and in A4 to 7 of female (F (Fig. 4D and Figure S2A ), whereas mutations of PRC2, trxG, RNAi pathway and BE interacting factors did not alter this phenotype ( Figure S2B , C, D and E, respectively). The heterozygous Pc 1 mutation enhances the severity of the DDA phenotype in the A4 and 5 of the Mcp B116 Fab-7 1 and up to 10% of these flies also showed a DDA phenotype in A2 and A3 (Fig. 4D for male and Figure S3 for female). , and observed similar enhancement in the phenotype ( Figure S2A ). Since Pc is a key member of PRC1, we checked if other PRC1 mutants have an effect on the DDA phenotype. PRC1 mainly consists of Pc, Scm, Sce, Psc and Ph proteins (Bantignies and Cavalli, 2006 shows the DDA phenotype and ectopic pigmentation in A3 segment ( Figure S4 ). These phenotypes are observed in about 45% of the flies, the low penetrance can be explained by the trans-heterozygous mutations in this mutant combination. This data suggests that the cooperative interaction between BE-PRE combinations is not limited to only the Mcp and Fab-7 and is a more general feature of the BE-PRE combinations of the BX-C.
Deletion of multiple BE-PRE combinations leads to the mis-expression of Abd-B in larval epithelial cells
We further investigated the cause of DDA phenotype in Mcp B116 Fab-7 1 mutants. As the DDA phenotype is the result of defective development of the adult abdominal epithelia, we analyzed the expression pattern of abd-A and Abd-B in the precursor cells of the adult abdominal epithelia during pupal development. There are two known cell types in the larval epithelium of each abdominal segment, the polytenised larval epithelial cells (LECs) and the histoblast nest cells (HNCs) Madhavan, 1980, 1990) . The HNCs are quiescent during larval development and begin to proliferate and differentiate during early pupal development to form abdominal epithelia of adult (Hayashi et al., 1993; Madhavan and Madhavan, 1980) . During this process the HNCs induce apoptosis in the LECs, to replace them with the adult epithelium. We analyzed the expression pattern of Abd-A and Abd-B proteins in abdominal epithelia of~26 h after puparium formation (APF) in wild type and Mcp B116 Fab-7 1 homozygous mutant. We found that abd-A expression is unchanged in LECs and HNCs of wild type (Wang et al., 2013) and Mcp B116 Fab-7 1 mutant ( Figure S5 ). These data suggest that the deletion of multiple BE-PRE combinations does not alter the expression pattern of abd-A. In wild type, the expression of Abd-B is seen from A5-7 but in a gradient pattern (Fig. 5 upper panel) as expected (Wang et al., , 2013 . The expression is lowest in A5, which increases progressively in A6 and A7 (Fig. 5 upper panel and Fig. 6A ). Abd-B expresses in the nuclei of LECs and HNCs cells in these segments (Fig. 5 lower panel) . The expression of Abd-B was also analyzed in pupal epithelia of mutant, the expression of Abd-B was seen in LECs and HNCs of A4 indicating an A4 to A5 transformation (Fig. 6C) . However, in the case of Mcp B116 Fab-7 1 expression of Abd-B is uniform in LECs of A4-7 and the gradient expression pattern is lost (Fig. 6D) . The levels of Abd-B expression in A4-6 was comparable to that in A7 suggesting that the deletion of BE-PRE combinations in Mcp B116 Fab-7 1 enhances the expression of Abd-B in the LECs of A4-6 to the level of A7. In addition, we see expression of Abd-B in a few LECs of A3, although at a lower level than that of A4-7 (Fig. 6D) . Interestingly, the level of Abd-B in
HNCs did not change and it is similar to combination of the expression pattern seen in ( Fig. 6E ). This suggests that BE-PRE combinations in BX-C are required for the gradient expression pattern of Abd-B in LECs.
Enhanced expression of Abd-B in larval epithelial cells causes DDA phenotype
To functionally confirm if the higher expression level of Abd-B in LECs causes the DDA phenotype, we used cell type specific knockdown of Abd-B using UAS/Gal-4 system. Knocked down of Abd-B in Mcp B116 Fab-7 1 mutant using LECs specific Eip71CD-Gal4 (Fig. 7A) showed complete rescue of the DDA phenotype (Fig. 7B ) in more than 50% of the flies, while a partial rescue was seen in the rest of the flies. To validate the specificity of the Abd-BRNAi we over-expressed Abd-B using Eip71CD-Gal4. We observed complete lethality at the pupal stage and manually dissected pharate showed loss of abdominal epithelia (Fig. 7B ). This suggests that the gain of Abd-B expression in LECs does not allow the development of abdominal epithelia, thereby causing DDA phenotype. In our recent study we showed that the expression of abd-A is required in LECs for their removal from pupal epithelia (Singh and Mishra, 2014) . We reasoned that may be the higher expression of Abd-B in LECs of Mcp B116 Fab-7 1 mutant affects the function of anterior Hox gene abd-A. We tested this hypothesis by knocking down abd-A in LECs using UAS/Gal4 based RNAi. In the abd-ARNAi using Eip71CD-Gal4, we observed a DDA phenotype in abdominal segments similar to what we see in Mcp B116 Fab-7 1 mutant (Fig. 7B) mutant, it is possible that either Abd-B represses abd-A function at post-translational level or the change is very small to be detected in immunostaining experiment ( Figure S5 ) (Noro et al., 2011) .
To analyze the fate of the LECs expressing higher amounts of Abd-B in Mcp B116 Fab-7 1 mutant, we checked the expression of Abd-B in 32 h old pupae (Fig. 7C) . We found that the LECs are still present in A4 and A5 segments, while they have been completely removed from anterior segments. This indicates that the higher expression of Abd-B in LECs leads to their inefficient removal from the dorsal mid line in A4-5 in comparison to anterior segments (A2 and 3). These data provide an explanation for why HNCs fail to fuse at the dorsal midline only in this part of abdomen (Fig. 7C) . We also observed low levels of Abd-B expression in few LECs of A3, although this segment does not show the DDA phenotype (Fig. 6D) . This means that an expression level of Abd-B similar to that of A7 results in the DDA phenotype. This also explains why Abd-B expression in LECs of A5 and A6 of wild type flies does not cause DDA, while in A7 segment of females HNCs fail to fuse at dorsal midline resulting in hemitergites in adults. We further checked if survival of LECs would cause DDA phenotype by over expressing an anti-apoptotic gene P35 using Eip71CD-Gal4. As compared to wild type (Fig. 7B) , we observed DDA phenotype in abdominal segments A2 to A6 on over expression of P35 (Fig. 7B ). These observations collectively show that ectopic expression of Abd-B in Mcp B116 Fab-7 1 mutant leads to survival of LECs and that is why we see DDA phenotype in A4 and A5 segments (Fig. 7D) . Although, we found that DDA phenotype is associated with increased expression of Abd-B in LECs, we further wanted to analyze the role of Abd-B in HNCs. We performed Abd-BRNAi knockdown using escargot-Gal-4 (esg-Gal4). This drives expression in HNCs of abdominal epithelia and not LECs ( Figure S6A ) (Hayashi et al., 1993) . Knock down of Abd-B in HNCs did not rescue or enhance the DDA phenotype shows loss of abdominal epithelia (III). Further, abd-ARNAi using Eip71CD-Gal4 shows DDA phenotype in abdominal segments (arrow heads) (IV). Over expression of anti-apoptotic UAS-P35 using Eip71CD-Gal4 (VI) shows DDA phenotype in all abdominal segments, as compared to wild type (V 
Discussion
In the BX-C of Drosophila, collinearity of the Hox genes is associated with collinearity of cis-regulatory domains as well. It has been shown that the cis-regulatory domains of the BX-C are separated by BEs that are often juxtaposed with PREs . Recently it has been shown that the boundaries interact with the promoter of the target Hox gene from a long distance to repress Hox gene expression Kyrchanova et al., 2011; Li et al., 2011) . A different study showed that associated PREs are required for the long-range interactions (Lanzuolo et al., 2007) . We took a genetic approach to investigate how multiple BE-PRE combinations operate in the BX-C to restrict the expression of Abd-B. Deletion of BE-PRE combinations from both Mcp and Fab-7 leads to ectopic and increased expression of Abd-B in LECs and causes a DDA phenotype, The DDA phenotype is not seen in the genotypes where we recombined BE-PRE combination mutant of Mcp with only boundary or only PRE mutant of Fab-7 region. Although these observations clearly suggest a synergism between these two juxtaposed BE-PRE combinations, a possibility of synergism between multiple non-juxtaposed BE and PRE of BX-C cannot be ruled out. Further studies will be needed involving novel deletion combinations to resolve this issue.
Our results show that deletion of BE-PRE regions from Mcp and Fab-7 lead to derepression of the Abd-B gene in LECs. Further, 3C experiments demonstrate that in the Mcp B116 Fab-7 1 mutant background, the interaction between Mcp and Abd-B promoter is reduced while interaction between Fab-8 and Abd-B promoter is unchanged. This suggests that cooperativity among multiple regulatory elements is a consequence of their independent clustering at the Abd-B promoter. It is tempting to speculate that loss of BE-PRE clustering at Abd-B promoter in Mcp B116 Fab-7 1 mutant leads to ectopic and enhanced expression of Abd-B. PREs are also known to show pairing dependent silencing (Kassis, 1994; Mishra et al., 2001 ). This raises the possibility that deletion of multiple PREs may also affect the homologous pairing of BX-C, which may result into reduced silencing of the Hox gene. These observations bring out the intimately linked function of coexisting BE-PRE combinations. These cooperative interactions among multiple elements may contribute to the requirement for an interlocking of the regulatory landscape of the Hox complex and explain the evolutionary selection of multiple BE-PRE combinations in the BX-C. Hox genes are clustered in the genome but several instances of splits in Hox cluster of Arthropods is observed (Von Allmen et al., 1996; Yasukochi et al., 2004) . This apparently questions our hypothesis but a recent study showed that despite the split in the Drosophila Hox complex, ANT-C and BX-C cluster together in the nuclear space with the help of PREs and PcG proteins (Bantignies et al., 2011) . This is also supported by the observation that even translocated alleles of BX-C interact with the homologous locus (Gemkow et al., 1998) . Similar to boundary-PRE interaction with Abd-B promoter, promoter targeting sequence and promoter tethering element from BX-C are also shown to facilitate longrange interaction between cis-regulatory element and Abd-B promoter (Akbari et al., 2007; Chen et al., 2005; Lin et al., 2010) . Taken together, these observations suggest that regulatory element mediated longrange interaction is a common mechanism for appropriate regulation of Hox genes. Similar long-range interactions were also found in the vertebrate Hox complex, implying that the mechanisms that utilize chromatin organization for the regulation of Hox genes are conserved (Ferraiuolo et al., 2010) . Long-range interaction mediated regulation of the genes is seen at various loci in the genome. It would be interesting to investigate whether it is a BX-C specific organization or the BE-PRE combinations are also required at other loci for genomic cross talks.
